Quantum kicked top is a fundamental model for time-dependent, chaotic Hamiltonian system and has been realized in experiments as well. As the quantum kicked top can be represented as a system of qubits, it is also popular as a testbed for the study of measures of quantum correlations such as entanglement, quantum discord and other multipartite entanglement measures. Further, earlier studies on kicked top have led to a broad understanding of how these measures are affected by the classical dynamical features. In this work, relying on the invariance of quantum correlation measures under local unitary transformations, it is shown exactly these measures display periodic behaviour either as a function of time or as a function of the chaos parameter in this system. As the kicked top has been experimentally realised using cold atoms as well as superconducting qubits, it is pointed out that these periodicities must be factored in while choosing of experimental parameters so that repetitions can be avoided.
I. INTRODUCTION
Periodically kicked quantum systems are popular models of Hamiltonian chaos. Their popularity, in part, arises from the relative ease of analysis. The quantum dynamics of such systems can be reduced to a Floquet map, while in the classical limit, the dynamics can be reduced to a set of difference equations. The quantum kicked top is a prominent member of this class and it physically represents a repeating sequence of free precession and statedependent rotation (kick). For sufficiently large kick strengths, the system displays chaotic classical dynamics. Several approaches to experimental realization of quantum kicked top were suggested [1] and was attained using a cloud of cold Cs atoms in the total hyperfine spin of its ground state interacting with time-dependent magnetic fields [2] .
In the last two decades, kicked top was widely used to study the interplay between chaotic dynamics and quantum correlations in the context of continued interest in quantum information and computation. The kicked top has a natural representation in terms of spins or qubits and this makes it a suitable choice for studies on entanglement. In this approach, number of spins tending to infinity represents the classical limit of kicked top. This model continues to attract research interest [3] [4] [5] [6] [7] for the study of entanglement [8] [9] [10] [11] [12] [13] and its relation to classical dynamics [14] , signatures of bifurcations on various quantum correlation measures [3] , quantum-classical correspondence in the vicinity of periodic orbits [4] and quantum metrology [15] . Measures of quantum correlations have been found to strongly correlate with the qualitative nature of classical phase space, whether it is regular or chaotic [3, 6, 8, 13, 16, 17] . In general, as demonstrated extensively in a series of papers using kicked tops * udaybhosale0786@gmail.com † santh@iiserpune.ac.in [2, 3, 6, 8, 13, [16] [17] [18] , the qualitative nature and details of classical dynamics influences entanglement. In addition, classical dynamical features such as the bifurcation also affect the quantum correlation measures with interesting semiclassical consequences [3] . Similar results have been obtained for other measures of quantum correlations such as quantum discord and Mayer-Wallach Q measure.
Unlike the earlier experimental effort [2] in which a large number of atomic spins were manipulated placing it unambiguously in the semiclassical limit, recently kicked top was realized in a system of just three superconducting qubits ('spins') examining its behaviour in the deep quantum regime [18] . The experimental version of the kicked top using three superconducting qubits has verified the earlier theoretical results on the relation between chaotic dynamics and bipartite entanglement. Further, it has also been shown that kicked top constructed with just two spins could reproduce many classical features. Quite remarkably, ergodic behaviour in this isolated quantum systems was demonstrated [18] . Further, a recent theoretical work has shown that even in the extreme case of just two spins, time-averaged quantum entanglement with spin coherent states is seen to display a pronounced dependence on the choice of the initial condition in phase space. Surprisingly, even in the most quantum limit possible for this system, the system appears to take into account the nature of classical dynamics in the vicinity of the phase space coordinates where the spin coherent state is initially placed [6] . Further, this work also hints that the entanglement entropy might display (quasi-)periodic behaviour in time and also as a function of kick strength. This observation, if generalized, has important implications for both experimental and theoretical work done on kicked tops. Let us consider a kicked top system with j representing the total spins and k its kick strength. This corresponds to 2j number of spin-1/2 particles. If the measures of quantum correlations, say A, for this kicked top displayed periodic behaviour, then for a given initial state we can expect the following functional relations; A(t; k, j) = A(t + T ; k, j) or A(t; k, j) = A(t; k + κ, j) representing periodic behaviour in time t and kick strength k with periodicities, respectively, T and κ.
This implies that for a fixed number of qubits quantum correlations will repeat themselves after certain time period T or after certain value kick strenth κ. Thus, generally and crucially in an experimental context, the choice of k and j indirectly sets the upper limit T and κ before repetitions begin to occur. This argument can be turned around to derive another useful information. If an experimental realization of the kicked top is expected to maintain coherence for time-scale τ coh , then the question is about the values of k and j that must be used in order to explore unique time evolution until time τ coh . The mean coherence time τ coh is generally a function of experimental (and environmental) parameters, and together with values of j and k will uniquely determine the relevant timescale for the experiment to be min(τ coh , T ). Thus, the present study of the periodicities in the kicked top will serve as a crucial guide for experimental efforts to make an appropriate choice of parameters.
In this work, we show exactly that the time variation of quantum correlations of kicked top displays nontrivial periodicity provided the total spin j = 1 and kick strength is of the form k = rπ/s, r and s being integers. This includes the special case of two qubits, j = 1, already reported in Ref. [6] . Further, it is also shown that for any j > 1, though quantum correlations do not show temporal periodicity, they display periodic behaviour in kick strength k. The structure of the paper is as follows: In Sec. II the measures of quantum correlations are introduced. In Sec. III the the kicked top model is introduced. In Sec. IV analytical results on the periodicity of quantum correlations as a function of chaos parameter k are given. In Sec. V analytical results on time periodicity for the case of a two-qubit kicked top is studied.
II. MEASURES OF QUANTUM CORRELATIONS A. von Neumann entropy
Let us consider a standard bipartite system A ⊗ B composed of two smaller subsystems denoted as A and B, having Hilbert spaces H A (N ) and H B (M) respectively. Their dimensions are denoted by N and M respectively. For simplicity, N ≤ M can be assumed. Whereas the full system is described by the product Hilbert space H Given the Schmidt eigenvalues λ i (i = 1 . . . N ), entanglement between A and B, measured using von Neumann entropy, is given as follows:
It is a good measure of entanglement for a bipartite pure state [19, 20] . It takes the value between 0 which corresponds to a separable state and ln(N ) which corresponds to a maximally entangled state.
B. Quantum Discord
Quantum Discord has been used to study the signature of bifurcation in the kicked top model [3] . While its dynamics is used to signatures of chaos in the same model [16] . It is a measure of all possible quantum correlations including and beyond entanglement in a quantum state [21, 22] . This method involves removing the classical correlations from the total correlations of the system. Now the procedure to evaluate discord will be given in detail [3] . For a bipartite quantum system having density matrix ρ AB , the total correlations is quantified by the quantum mutual information and is given as follows:
In classical information theory, the mutual information based on Baye's rule is given as follows:
where H(B) is the Shannon entropy of B. The conditional entropy H(B|A) is the average of the Shannon entropies of system B conditioned on the values of A. It can be interpreted as the ignorance of B given the information about A [23] . Quantum measurements on the subsystem A are represented by a positive-operator valued measure (POVM) set {Π i }, such that the conditioned state of B given outcome i is equal to (5) and its entropy isH {Πi} (B|A) = i p i H(ρ B|i ). In this case, the quantum mutual information is equal to J {Πi} (B : A) = H(B) −H {Πi} (B|A). Maximizing this over all possible measurement sets {Π i } one obtains
whereH(B|A) = min {Πi}H{Πi} (B|A). The minimum value is achieved using rank-one POVMs since the conditional entropy is concave over the set of convex POVMs [24] . By taking {Π i } as rank-one POVMs, quantum discord is defined as D(B : A) = I(B : A) − J (B : A), such that
Quantum discord is shown to be non-negative for all quantum states [21, 24, 25] and is subadditive [26] . For bipartite pure state quantum discord equals von Neumann entropy [21, 22] .
C. Concurrence and the 3-tangle
Concurrence [27, 28] is a measure of entanglement present between two qubits. This measure has been used to study phase transition in the Heisenberg chain [29] . Given two qubit density matrix ρ AB first the spin-flipped stateρ AB = σ y ⊗ σ y ρ * AB σ y ⊗ σ y is calculated, where σ y is the Pauli matrix and the complex conjugation is done in the standard basis. Then the eigenvalues of the nonHermitian matrix ρ ABρAB are obtained, which are all real and non-negative λ 4 ≤ λ 3 ≤ λ 2 ≤ λ 1 . Then, the concurrence C 12 = C(ρ AB ) is equal to
and 0 ≤ C 12 ≤ 1. It is zero for separable state and one for maximally entangled state. It is shown that the entanglement of formation [30] of ρ AB is a monotonic function of concurrence [31, 32] . The Bell state concurrence is equal to one. The 3-tangle is a pure multipartite entanglement measure for pure as well as mixed three qubit states [33] . For the case of three-qubit pure state it is given by τ = C [33] , where C ij is the concurrence between qubits i and j. The quantity C 1(23) is the concurrence between qubit 1 and the pair of qubits 2 and 3, since in the case of a three-qubit pure state, the reduced density matrix of qubits 2 and 3 is of rank-2. The 3-tangle τ has been shown to be permutationally invariant and 0 ≤ τ ≤ 1 [33] . For given concurrence C 12 the maximum 3-tangle τ a three-qubit pure state can have has been calculated [34] . States satisfying these limits has also been evaluated.
D. Meyer and Wallach Q measure
This is a measure of multipartite entanglement [35] and was used to study the spin Hamiltonians [36] [37] [38] , the system of spin-bosons [39] and the signature of bifurcation in the kicked top model [3] . The geometric multipartite entanglement measure Q is shown to be related to one-qubit purities [40] , making its calculation and interpretation straightforward. If ρ i is the reduced density matrix of the ith spin obtained by tracing out the rest of the spins in a N qubit pure state then
This relation between Q and the single spin reduced density matrix purities has led to a generalization of this measure to multiqudit states as well as for various other bipartite splits [41] .
III. KICKED TOP
The quantum kicked top is characterized by an angular momentum vector J = (J x , J y , J z ), whose components obey the standard angular momentum algebra. Here, the Planck's constant is set to unity. The dynamics of the top is governed by the Hamiltonian [42] given by
The first term represents the free precession of the top around y−axis with angular frequency p, and the second term is periodic δ-kicks applied to the top. Each kick results in a torsion about the z−axis by an angle (k/2j) J z . Here, k is called as the chaos parameter or the kick strength. The classical limit of Eq. (10) is integrable for k = 0 and becomes increasingly chaotic for k > 0. The period-1 Floquet operator corresponding to Hamiltonian in Eq. (10) is given by
The dimension of the Hilbert space is 2j + 1 so that dynamics can be explored without truncating the Hilbert space. The kicked top has been realized in various experimental test beds, in hyperfine levels of cold Cs atoms and coupled superconducting qubits [2, 18] , in which p = π/2. In [18] , it was found that the time-averaged von Neumann entropy showed the clear resemblance with the corresponding classical phase-space. The quantum kicked top for given angular momentum j can be regarded as a quantum simulation of a collection of N = 2j qubits (spin-half particles) whose evolution is restricted to the symmetric subspace under the exchange of particles. The state vector is restricted to a symmetric subspace spanned by the basis states {|j, m ; (m = j, j + 1, ..., j)} where j = N/2. The basis states satisfy the property S z |j, m = m|j, m and S ± |j, m = (j ∓ m)(j ± m + 1)|j, m ± 1 where S z and S ± are collective spin operators [43] . Thus, it is a multiqubit system whose collective behaviour is governed by the Hamiltonian in Eq. (10) and quantum correlations between any two qubits can be studied.
The classical phase space is shown in Fig. 1 as a function of coordinates θ and φ. In order to explore quantum dynamics in kicked top, spin-coherent states [44] [45] [46] [47] pointing along the direction of θ 0 and φ 0 are constructed and are evolved under the action of Floquet operator. The classical map for the kicked top is given as follows [42, 44] :
Here, the dynamical variables (X, Y, Z) are restricted to the unit sphere, i.e., X 2 + Y 2 + Z 2 = 1. Thus, they can be parameterized in terms of the polar angle θ and the azimuthal angle φ as X = sin θ cos φ, Y = sin θ sin φ and Z = cos θ. First, the map in Eq. (12) is evolved then the values of (θ, φ) are determined using the inverse relations (not shown here).
Another feature of this map is that under the transformation k → −k the phase-space is reflected about θ = π/2. This is because k → −k is equivalent to the transformation X → −X and Z → −Z in Eq. (12) . This implies Z ′ → −Z ′ which results in θ → π − θ. Thus, the phase-space corresponding to k and −k are isomorphic to each other. This can be seen from Figs. 1(b) and 2(c), as well as from Figs. 1(c) and 2(d). This has experimental implications which will be discussed in later part of the paper. 
Classical map for various values of p
In this work, the model is studied for various values of p. Thus, it will be helpful to study the corresponding map equations and the phase-space. First consider the case of p = π/2. In this case, additional symmetry properties lead to a simpler classical map, a case studied in detail in ref. [2-4, 13, 16, 18, 44] . In this case the map given in Eq. (12) reduces to
The phase-space obtained using these equations is shown in Fig. 1 . It can be seen that for k = 1 and k = 2 the phase-space is mostly covered by regular orbits. The trivial fixed points at (θ, φ) = (π/2, ±π/2) can be seen in Fig. 1(a) and Fig. 1(b) becomes unstable at k = 2. As k is increased further the chaotic regions are increased. At k = 6 the phase-space is covered mostly by the chaotic sea with very tiny regular islands. The map for p = 3π/2 can be obtained from that of p = π/2 by the transformation
′ . This implies φ → −φ and θ → π − θ which are reflections about φ = 0 and θ = π/2. Thus, the phasespace, as well as other properties, can be obtained by taking these reflections. Now consider the case of p = π. In this case using Eq. (12) one obtains the corresponding classical map as follows:
The phase-space is plotted in Fig. 2(a) . It can be seen that there is no fully developed chaos since for given initial Z the angle θ oscillates between cos −1 Z and π − cos −1 Z. Both these values are reflection about π/2 which can also be seen in the figure.
For the case p = 2π the map equations are
The phase-space is plotted in Fig. 2(b) . In this case, too there is no fully developed chaos and for given initial Z the angle θ remain fixed at cos −1 Z.
IV. PERIODICITY OF QUANTUM CORRELATIONS AS A FUNCTION OF CHAOS PARAMETER
In this section, it will be shown that the quantum correlations display periodicity as a function of kick strength k. In particular, it will be shown that for a fixed value of j, and for a given initial state, the quantum correlations has a period of κ = 2jπ as a function of k.
j = 1 case
Let us consider the simplest case of j = 1 which is equivalent to two qubits. For j = 1, the basis states are |1, −1 , |1, 0 and |1, 1 . The standard two qubit basis states are {|0 1 |0 2 , |0 1 |1 2 , |1 1 |0 2 , |1 1 |1 2 } (subscripts label qubits) such that σ z and |0 = −|0 σ z |1 = |1 . Both the basis states are related to each other by |1, −1 = |0 1 |0 2 , |1, 1 = |1 1 |1 2 and |1, 0 = (|0 1 |1 2 + |1 1 |0 2 )/ √ 2. Setting j = 1 in Eq. 11, the corresponding Floquet operator is
It can be seen that when k → k + 2π one obtains
Thus, U |ψ j → O U |ψ j where |ψ j is any vector in the |j, m basis. For j = 1 case, denoting the vector
It can be shown easily that in the standard two qubit basis states, [a, b, c]
T becomes
T . Thus, we have,
It
Quantum correlation measures by definition are invariant under local unitary operations [48] . Using concurrence for two-qubit pure state [28] it can be seen to be equal to 2|b 2 /2 − ac| for both the states. These imply that the correlations are invariant under the transformation k → k + 2π. This can be seen in Fig. 3 where von Neumann entropy shows a periodicity of 2π as a function of chaos parameter k. 
General j case
Let us consider the case of general j, beginning with even integer value for j. Here, the corresponding operator O = exp −iπJ . Now, the basis {|j, m } will be written in the standard basis of qubits. For given value of m there are 2j j+m basis states superposed equally to form |j, m where each of the basis state is such that j + m/2 qubits are in up-state |1 and remaining j − m/2 qubits are in down-state |0 . In this paper, such a basis state will be called as m−particle state since it is an eigenvector of the total spin operator S z with eigenvalue m. Thus, there are 2j j+m m−particle states and the normalization constant after superposing all such m−particle states is 1/ n , where n = j + m takes values in the range 0 . . . 2j. It should be noted that each O n is written in the set of all n−particle states. The vector U |ψ j , in the {|j, m } basis, is denoted as [c 0 , c 1 , c 2 , . . . , c 2j−1 , c 2j ] T . The same vector in the m−particle basis, m = −j to j, becomes |χ j = [c 
Thus, it is seen that the matrix O 0 having dimension one gets multiplied by the column vector of dimention one containing c n . This leads to
Thus, the final product becomes
T . It can also be written as
Here j is even and using the properties of |j, j − n it becomes
where the superscript denotes the qubit position. Thus, 
Reflection symmetry in k and experimental consequences
Now, consider two different values of chaos parameters k 1 and k 2 such that 0 ≤ k 1 ≤ jπ and jπ ≤ k 2 ≤ 2jπ. Further, they are related by k 2 = 2jπ − k 1 representing a reflection symmetry about jπ. As the quantum correlations are periodic in k with a period of 2jπ, the time evolution of quantum correlations at k = k 2 is identical to that at k = −k 1 . As mentioned in Sec. III, the phase space for k and −k are isomorphic to each other and are related by the transformation θ → π − θ. This implies that if an initial state is evolved for k = k 2 then it is equivalent to the evolution of initial state for k 1 = 2jπ − k 2 provided the initial positions of both the coherent states are related by θ → π − θ. We will call this a signature of phase space.
Thus, the combination of 2jπ periodicity and symmetry in k results in quantum correlations that are symmetric about k = jπ. In other words, for fixed value of j, the maximum chaos parameter k max for which the phase space effects are unique is jπ. Beyond k = k max , the observed structure repeats itself. The maximum chaos parameter for given number of qubits in the top is shown in Fig. 8 . This result has implications for kicked top experiments. If there are two qubits in the kicked top, i.e. j = 1, then one can observe the unique signatures of the phase space only up to π. If there are three qubits, as in the case of Ref. [18] , one can observe the unique signatures of the phase space only upto k = 3π/2 ≈ 4.71 and so on.
V. TIME PERIODICITY OF QUANTUM CORRELATIONS FOR j = 1
It can be seen from Fig. 3 that the von Neumann entropy also exhibits periodicity in time for certain values of k. A similar effect, quasi-periodicity of entanglement, was also observed in Ref. [6] . In this section, the j = 1 case is considered and it is shown that when k is a rational multiple of π and p takes value from the set {0, π/2, π, 3π/2, 2π}, the quantum correlations show periodic nature. In the experiments reported in Ref. [2, 18] p = π/2 is used. In Fig. 3 plotted for p = π/2 and k = rπ/40 such that r = 0, 1, . . ., 160. This gives the time period as 160. This section is devoted to explaining this observation. Starting from Eq. (16) the matrix elements of the corresponding Floquet operator can be determined and assembled in matrix form.
A. Case of p = π/2
If p = π/2, then the Floquet operator reduces to
Its eigenvalues are {e −ik/2 , −i e −ik/4 , i e −ik/4 } and the corresponding eigenvectors are [ 
respectively. Using these the Floquet operator for nth time can be obtained which is given as follows:
Now, we will consider the case of k = rπ/s, for various choices of integral values of r and s. It will be proved that if r is odd then the time period of quantum correlations is T = 4s, otherwise it is T = 2s. Odd r : If r is odd integer and time n = 4s, the Eq. 23 simplifies to
Thus,
T . In the two-qubit basis, this becomes
Now, this can be rewritten in the following form;
Hence, [c,
T implying that the two states are related to each other by local unitary transformation supporting the claim for the periodicity of quantum correlations.
Even r : In the case of even r, using Eq. (23), one obtains
There are two cases depending on the value of r. If r is odd multiple of two then
which is an identity matrix implying the periodicity of quantum correlations. If r is even multiple of two then
Again using the formula for concurrence for two-qubit pure state [28] one obtains 2|b 2 /2−ac| for both the states, thus proving the claimed periodicity of quantum correlations. It can be shown that same results hold true for p = 3π/2. 
Its eigenvalues and eigenvectors are respectively given as
T and [0, 1, 0] T . Thus, using them the Floquet operator for nth time can be obtained and is given as follows:
where α = −e −ik/2 n + e −ik/2 n and β = − −e −ik/2 n + e −ik/2 n . Consider the case of chaos parameter k = rπ/s. It will be proved that if r is odd then time period of quantum correlations is T = 2s, otherwise it is T = s.
Odd r : In this case using Eq. (31) one obtains:
It can be seen that U 2s is a diagonal matrix and it is shown in an identical case in Sec. IV that quantum correlations are invariant under its action. Apart from this periodicity of 2s additional temporal periodicity is also found. For initial separable state the quantum correlations at times t = s + l and t = s − l are same for 1 ≤ l ≤ s − 1. This argument can be extended to t > 2s. Details of the derivation of this result are given in Appendix A.
Even r : Consider the case of even r which implies odd s. It will be now shown that the period is s. Using Eq. (31) one obtains:
Thus, if r is odd multiple of 2 then
It can be seen easily that the concurrence for both the state is 2|b
2 /2 − ac| proving the claimed periodicity.
In this case, apart from this periodicity of s, additional temporal periodicity is found. For the initial separable state the quantum correlations at times (s−2l −1)/2 and (s + 2l + 1)/2 are same for 1 ≤ l ≤ (s − 3)/2. Details of the derivation of this result are given in Appendix B. It can be shown that the same results holds true for p = 0 and 2π. It should be pointed here that no such time periodicity was observed for j > 1 (as also shown in Fig. 4 , 5, 6 and 7) even if t >> 1.
VI. SUMMARY
Quantum kicked top is a fundamental model of Hamiltonian chaos and has been realized experimentally in two distinct test-beds, namely, the hyperfine states of cold atoms and coupled superconducting qubits. This model advantage that it can be represented in terms of qubits and lends itself naturally to theoretical studies on the connections between quantum correlation measures and classical dynamical properties. With increasing interest in the experimental results using quantum kicked top [4, 5] , this paper presents new results on the periodic behaviour of quantum correlation measures (using j spins to represent the kicked top) as a function of either time or kick strength when certain conditions are satisfied. Due to the periodicity of quantum correlations, experimentally it is sufficient to explore the parameter space corresponding to the basic unit. This work provides an upper bound on the parameter values corresponding to this basic unit.
In particular, it is shown analytically that, for a given initial quantum state, the quantum correlations are periodic in kick strength k with a period given by κ = 2jπ. A special case of this result was reported in Ref. [6] . This has also been verified through numerical simulations for bipartite measures of entanglement like the von Neumann entropy, quantum discord and concurrence. Similar numerical results have also been obtained for the multipartite entanglement measures such as 3-tangle and Meyer and Wallah Q measure. The phase space of the kicked top for any given value of k is isomorphic to that at −k. This observation, when combined with the periodicity of κ = 2jπ, it is shown that the unique signatures of phase space are obtained in the range [0, jπ] . This can guide experimental implementations of the kicked top on the appropriate choice of parameters, given the value of j.
Temporal periodicity of quantum correlations are analytically shown to arise for j = 1 (two qubit case) if k = rπ/s, where r and s are integers if the angular frequency p can take any of the values from the set {0, π/2, π, 3π/2, 2π}. In the case of p = π/2, the period is shown to be T = 4s for odd r otherwise it is T = 2s, whereas for p = π the period is shown to be T = 2s for odd r otherwise it is T = s. In the case of p = π (same results hold true for p = 2π) additional temporal periodicity are proved. If the initial state is separable then for odd r it is shown that quantum correlations are same at t = s + l and t = s − l such that 1 ≤ l ≤ s − 1. Whereas the same is true for even r at times (s − 2l − 1)/2 and (s + 2l + 1)/2 are same for 1 ≤ l ≤ (s − 3)/2. These results can be extended for a time larger than respective time periods.
The case of j = 1 has one more experimental implication. Kicked top experiments are limited by the coherence time τ coh , which is typically not large. The entire experiment including the read-out should be completed by this timescale. If k = rπ/s and p is chosen from the set {0, π/2, π, 3π/2, 2π}, then the period T of quantum correlations as a function of time is known from the results obtained in this work. Thus, the relevant time scale for the experiments is min(τ coh , T ). This implies that in some cases T can be made smaller than τ coh effectively improving the reliability of the experimental results. In this Appendix additional temporal periodicity for p = π and for odd r in the value of k = rπ/s will be proved. It will be proved that if the initial state [a, b, c] T is separable then the quantum correlations at time t = s + l and t = s − l are same for 1 ≤ l ≤ s − 1. We will restrict ourselves to time interval [0, 2s] and the argument can be extended to t > 2s. Consider the case of odd l. Then, s ± l will be odd. Thus, using Eq. (31) 
The cosines of both these angles are same since they are reflection of each other about x-axis. Similarly, it can be shown for even l that the quantum correlations at times t = s + l and t = s − l are same.
Appendix B: Derivation of additional temporal periodicity for p = π and even r
In this Appendix additional temporal periodicity for p = π and for even r in the value of k = rπ/s will be proved. It will be proved that if the initial state [a, b, c] T is separable then the quantum correlations at times (s − 2l − 1)/2 and (s+ 2l + 1)/2 are same for 1 ≤ l ≤ (s− 3)/2. Consider the case of even (s − 2l − 1)/2 which implies (s + 2l + 1)/2 is odd since the difference between them is 2l + 1. Thus, using Eq. (31) one obtains: It can be seen that for r even cos (r(s − 2l − 1)π/(2s)) and cos (r(s + 2l + 1)π/(2s)) are equal since the angles are reflection of each other about x-axis. Similarly, this result can be proved for odd (s − 2l − 1)/2.
